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Abstract

Essential thrombocythemia (ET) is the most common subtype among BCR-ABL1-negative myelopro-
liferative neoplasms, with thrombotic and hemorrhagic events serving as the primary causes of dis-
ability and fatal complications during disease progression, capable of severely compromising pa-
tients’ quality of life and shortening their survival. As research continues to advance, current throm-
botic risk stratification approaches for ET have become insufficient to meet clinical demands, and
no universally accepted bleeding risk stratification standard has been established to date; therefore,
identifying risk factors for both event types and achieving precise prediction have emerged as core
priorities requiring focused attention in clinical research. Existing studies have confirmed that age,
prior thrombotic history, JAK2 gene mutations, and cardiovascular risk factors demonstrate corre-
lations with thrombotic events in ET patients, whereas for bleeding events, indicators such as age
at diagnosis, leukocyte count, and low hemoglobin levels constitute relevant influencing factors.
Machine learning algorithms can efficiently process massive clinical datasets, recognizing complex
nonlinear relationships among various parameters; prediction models constructed through inte-
grating clinical parameters with molecular biomarkers have already demonstrated superior pre-
dictive accuracy and reliability. Although current machine learning-based predictive models for
thrombotic and hemorrhagic events in ET have achieved favorable research outcomes, they still face
challenges regarding data quality, model interpretability, and clinical generalizability. Future re-
search efforts should concentrate on algorithm optimization, multidimensional data integration, and
promoting the clinical translation and application of such models, thereby providing more precise
instrumental support for individualized risk stratification and therapeutic strategy formulation in
ET patients.

Keywords

Essential Thrombocythemia, Thrombotic, Hemorrhagic, Machine Learning

Copyright © 2026 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

b
1. B=

JER R I /INBR 38 22 i (essential thrombocythemia, ET)& BCR-ABLL [ 441 #ifi34 4= 14 fif % (myeloprolif-
erative neoplasm, MPN) & WLINERY, o JR T 8838 T /AH 40 0 se B e, R I EAZ 41 i FE 3
B AT 3 BNV EOU] 2 N [1] . ET (3R Sh R R AT 45 JAK2 (VB17F). 50 & 1 £ K (CALR) A i
BEIA S (A M5 2 F 3L I (MPL) RS, 4393 17 50%~60%- 15%~35% /% 2%~4% [2], 3 F il BB 5h 3k K A
PR —F, KA D) RESRAT 1 R AE AT DL i AR E MPN 95 [3] - FEIR B2 K (TET2. ASXLIL TP53.
DNMT3A %) R % 5 MPN TG AH5¢. MPN # WA ACRE B ZAHE AR . Hif, RS, g
TERE MPN (838 5 W) IR AE, 2 MPN BFE T R BE R 2 —. — Wi EilkiE, MPN B
Fe FAEAH S HIFET 2 7 BB T2 M) 35%~70% [4].
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A RMERA A Ay 22 4. ET BF IS W 502 WAl i ke 4 K A2 360 10%~35%, 125 MAd K A= N
6%~10%, 3%~8%1) ET & HIMAEIR[5]. WEL 7 E A ET & HLAIOCHE, ALHE 20 BIORN 5 ik Mg frl KU P
fiio FEIAIGRTE SR, AICERILET B3 R A AR5 10 X T 5 B Ed . BEAR AR5 5
HIIAK2 FERTRAR . O L GG R R B A 55 [2] [6], 735 F X S8 A R AT A S0 U 20 )2, I ET
I [ B S 57 4 2 GL(IPSET-thrombosis) [1] [7], A1FAL ET B it R4 T EA T . FEER
PHRE T ET Wi SiR7 e S UG SRR T MR YT I E B (8], HEEE A TR AR IA
WiR N, St MPN B MR XS R A T EIRANRAR, BARFFER, kg i 5 ok B 4 i EE % (NLR)
L5 K AR T BOXURS: 2 TE G [9]

AR A2 ET 5 WIFARE, (5 IR EEA: Z0E, A RR, 12 W1 EE A 40 M o h 2502 ™ 25 H
MfER R 2, MR & AR R R [10]. EEZPIBHAITIN ET B, MHEIBMAAERER, i
NS TT A G0 B RS [11] [12], WA U R B ] ULARIR TS ET SEE SIS A H I XU PR 3R
[13]. HBETEEA & T TEFRARYE i XS ET B3 T 02, MAh, SE= DR AR ET B
K 1 TR BT HE R

TEX A RKEHRRTE RN, AR FANLES S IR TR B AR AT DU & — AN 2 T e, Ab3d
AN R B G REE , TS Bl PR = AR o 58 (R 15 AT AR VP A, SEIAMAEAR IR KU 43 R FIIR T 3R
BT o HET TR R (25 2R, BRAE W] DA B SR R T RS HE VR T EU, BRI TT IR, &
(IR DL S B I 7 B ML o Beah,  FRATTE m DI ik TR0 A L R ) v R S 3, SR I G T 7 A 4 it
D R AT IR R A, s BB AR RS, NI PR SR R

3. ERIMARIIR
3.1 ET o FEEmitR

2004 4, JAK2 (V617F)RAZ 1)K A& MPN W50 (1 8 22 LR A%, 1X—RAL S 240 MPN B2 (1 R0 A
K[14]. Z I FL[15]-[17]KINZ) 50%~60%11) ET EE #5748, 2008 4 WHO X} JAK2 (V617F)[) 5
A LAt 2 Gt SR [ 18], B AL T Janus B 2 QAK2) RIS 617 AL MR b, S8 IAK2 i 1742
W, BEMEOE FUFE) STAT 15 Sk, $552 STATS. X— KA ET K4 T2 Wi it ThrE,
WORERAAE ET I AIRHLHIFE it 7 O 28 2R [19]. 7E K2R JAK2 SR (1) ET & H kI T CALR J2 MPL
(1A [20]. £ 25%I[F) ET E#47 CALR 2R AR, 3% B E #54 MPL ZE R RAF[21]. X Le 5 AR [F] F
S JAK-STAT {5 518, 878 ET B FHLHI AT RELL Z AT ORI v S 4% . BR T4 841 JAK2, CALR
FMPL BXF)FE A1, JEIRB)EEF BB AE MPN RS AS S 7 EZ/EH, MPN FEEIKS) A4 i
RAPFE R F BAFERIEAL . BT 7. RUBNER G5 R B R . R AL 5 FE K (TET 2,
ASXL1 F1 DNMT3A) T fiz Ay i, Ho AR 28R I PR3 B AS ] T A4 4E 22 e [22] [23]. TP53 1A i eg 4l
BEPR, HIRAR T e 5 B4 R SRS AT DNA E S IERIE, 390 e g 1 KU . S48 TPS3 I B A
TE ET R UG, (225 20 e /E S iR R ) S 250, TP53 (198748 v f il ik 52 ma 41 i & # A0 DNA &
P, (AR ET MR R AITIE[24]. RECEH TREFNE, (B 10%~15%(1 ET £ & 1HEF F
WG R, XK ET BRI A, T B — DI iR [25].

3.2. ET M mEHAHEXElERRR

ET 2 — Ay & WA Mg, 8% i 2N, W] geE R B m G b i, HoR A s
AR AR AR ARG R 3R BB AR S L 1oL BEAR A s . PR 9848 (B JAK2. CALR. MPL). AR, miH
M. AL LR AR A R B R [8] [26]. ARES R MARTE M R E R R R —, FEK
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PRI/ 220 8 5 R AEAE 50 % LA E ANBE, (BARRFER G, NHRER LM TR Z gm . —
TR T3 M 1 38451 A P Ok IAR Z A2 £ ET RN BV 20 40 438 22 95 (PV) BB 3 I PR W), % PO B A0 I A ol
JIRL e DR I A A 53 25 e R R LA (R BT S B U R 25 [27] . b4h, JAK2. CALR B MPL JE[K 58 4%
5 ET AR IER VIO, Horb JAK2 B2 RAR T3 JAK2 BV VESG SR, AT AT e -3 B0 st 2 AR Rl
R FAE (American Journal of Hematology) I%:i8[26145H, MPL fil CALR-1 98748 55 BE 2T 4E 4k 3% A0 KU%:
BEINARDE, JAK2 (V6L7F) 5 ke At o<, i TP53 5 (ML AHSS, 10 4F (M /T 1%, (H
JAK2 FRAG A FE 1 /N 384 22 5E A0 S5 8 A% R R0 8 11 13 L5 1 23 M A T o o RV I /N 384 22 388 o 5 ok P e
MARSG, (HFERLIFR N, Mom i MR EESEPr Bl e S8 i, FROIRE /M 208, FARE X
NI/MR THEOR T 1000 x 10971, 5345 I8 14 1 A 27 A AE (AVWS) R HE I 25 5%, LRI
BT = UCARYA ST I L N [26]. HAT, KT MM @A EA R e+, KRR Z M0 TEYD
PR AR S EN AR, DU ET 58 AR R H i =42 Fr F000 v At 2 o

3.3. ET 8987 IR

ET K Ja M P AA AR AT IA 14.7 48, RIS B3 A ay R Km0, 697 /2 H 12
7 MLAG: 5 e I R IR/ 1) B BB 2T 24K (myelofibrosis, MF) B (9 LI A6 1 fa e [14]. H BT ARG YT B
FEPUM AR Z5H) BRI TT . DARTERE SIS BT MPUEEEYT, HMICEMIRE & ET. BEAWF ARG T
TR & TAR IR IR G ET &3 B RS R 2) 3R 25 KU HE, JAK2 (VBL7F) 58745 £ 5 R FH AR 77 2 fo =] T
MRIGTT REJRR /D bR ke & A2 2R . oS, 17 CALR 5848 8 3 HU I /N VA 7 AS B2 g KU, 504840
RS [28] KT HmfE ET B3, TERMRBITECEI I TR, —RAGWAFRER. T RS
(IFN), 224 ERIIRGE . A% SURIIRGEA 32P [1]. Xt T455k AR W EL i fr G IEFE R4l 5 22
W) ET L, 1697 RuE BRI I8 B B 22 4, HEERT A ET M2 Lot A FIAR R =B = TR YT, B
A EESE . W TREA G I AR R, NS R IFN AT MK G YT, ST AR 5
o E 4 A I RORE R (8, S5 R R o F R [26]. AT 50 26 IEERT 5 Ti897 ET,
45 R R e V25 T EEE -1 (LSD1: H3K4 R 5 4 8 (1 2 F AR AL i) 4] 751 (bomedemstat) FHEE ] R
MY CALR 1 5 5 FE BRI TT 55 [26] -

R ET e —Fhilt G218 150, Y877 B AR W7 3 A g gt g, (3 B i a7 FBICIENRA .
R, 69T 7 B 2 R AR 3 1 FL A e AN a2t e ()RR ) e AN PR R Y8 7 Rl

4. ¥EFF S 1E ET 425 i 3 e 30 o 59 2 F

ET IR 5 S50 FHE B m4ERHETUR . fale R 2 24RO AR B I PH AR AR &7 EEARAIC Y
BRI ARE S, ARG A DRI A HOR R, MHLAS 25 > S T B 6] P R e b 3 B 4 A
AR g KBS T A% O BR T B, AH R RINLES 52 S BIEIE VM R A S ZE 7

1% %5 [ )7 (logistic regression, LR) LA logistic B8 % (Sigmoid Bk %) Jy & il iy 2 28 ME TR AR RS, & 1) 45 AR
XFfRT L TR BT AR R, AR ET XU T 1A% G i R R, (FR FAN R LG R R &,
T PR A 1, TR A BR[14] [29]

YR (decision tree, DT) /2 %= 346 U 73 B J5 SAL S R RDIR 23 RABE AR, ]V e B0 A | 1) DG IBG, 59
TAMEL TR B, (HRHE S HIS G, 2R R E, FAHT ET S5 MEAR X A 2 [25]

BENLAR AR (random forest, RF) & B 2 BRI SR G2 ML AS 7 ) B0, HAZ ORI AE T B it niR . JIZk
HEEPL, WIPRIETRE ET fAR/H MO R N &, (HIERARNAH ., BREAFZHERE 5 ]
RE IO G, X 95AH SCAE I R R 2 3R BE U IR, ToDNRS AN Bk BE 42 TH ARV [30] [31].
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P BR A 5 $2 T+ (eXtreme Gradient Boosting, XGBoost) £ N —Fiih SEFETH 5%, A& ET I/ H ifin XU 7
M s EIEZ —, Er SR m4EREE, [FR 5N L1, L2 IR DA d AR 5 0, it &
BRI ZE M i R A, (R AR A AT AR R L 22, R M SHAP (SHapley Additive exPlanations) {i 4 i i
[30] [32].

RE IR ML (support vector machine, SVM) &35 T Guit 2% 2 BRGS0 00, BB A% pR A A B 28
YRR, 16 ET /IMEARS SR R IFE, (AR FEARN I HE R SR, tHEBERMK, AEHT 20K
FEA ET Bl se, ImPR AT iRt 22 (2] [33].

I R P LAS A ) R L, RF. XGBoost. SVM fITINAS L8 i, (B ENAEAE “ B4 7 fnl i, RJI
PS5 IR RY ) A R P I R AT B, DAARRE FL A i 45 R [34]. 1Ml SHAP {fL 73 B o fie e st [ 441 1
XMo@z, SHAP (Al EAL AR R X A f) ET B3 Mke/ H i XSGR M sTaRE, fEIRR L, BEAER S
SHAP {1 25 5 R Wi AL IRV P-4 1) A B, ST T HLAR 2% ST AUAE BT AMAL RS 43 J2 R ) 32 F AR AL

5. R4

ET 1E—FiiS It o BE R G e e, U B AR Qo DR PE T T B T (A A0 HE L = o PR, R
T LR. DT. RF. XGBoost. SVM FFA/l#5 5% > BE A 2 B I PR P A A AE. ET I A R H i =4 0] v 5t
R ERIE Ty, AR S AU E S 4R R, AR R A AR R R HOR R, NI MR LR
R TR (R P . —SSAR 0 IR IR OB = I B T ET BB IR . i, RIS H
OB R 3 I RAIR A (W1 JAK2. CALR. MPL AR A 43 FAEM 4645, S5E MRS H, Wi
TN ET R A A I KU AR A [11] [30] [35] [36]. X UURERLAEIGUESE R AR S SE it T i
R PR RS T R T S

SRIM, HLAS 5 ST URAT AL TR R B, SRR T8 N 3R G0 B8 M AR b 2647 DA TR R T Ak e,
BT LIRS FE A A2 Ah, 1% TET2. ASXL1. DNMT3A £53R0RK5h3E K 548 L K v ok 40 i 55 bk B2
YA LA (NLR) S5 4 M Fabr IR SE S ET 8B 0 iR A0 H I =445 5 S ) SQ IR 9] TR Lk T A58 72 75 40
IXUEEAR A ANRE F2 o AL, BERLIT R 2 s AT BE AT S P IR AL Iz A RE 7T, BRI A
DN RN B T, AR TEAE A B PRURI I 6 i 25 55 I, AR SR 7 30 o XA T e A4 BA 7 7
ARREARLAEAN RN HE P B ARE VEAI & 1, T ER 2 T A XU 73 2 8 B A A Y8 97 SR o £ 58 s 1)
BCERUR . 2, HESIIEAY IR PR L Ab 5 e 5 SRR R GO R A 2 S MRS HE T IO, RO = Tk
TSRS G KRR SR R G, SC S B R TCaE 82, HIFRIGRFAENIIF, VPG
RS 2 A= He T B KR 4 SR IR SE i i

R, AR B FIEAE (AR 2R, R T HLES 2% S I TN AL S s PR FE B (it T 3 i T 2 AN 732,
AR RERS ET MUARANH o 0 SRR e, AN s B A BRR YT 45 3, FEIR IR Se b R 15
ok ek = B A
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